. Increasing evidence suggests that mitochondrial subcellular location influences the pathogenesis of dysfunctional mitochondria in the type 1 diabetic heart (11, 24) . Cardiac mitochondria are characterized by different spatial location within the cell, including mitochondria located at the sarcolemma, subsarcolemmal mitochondria (SSM), and mitochondria situated between the myofibrils, interfibrillar mitochondria (IFM). We and others have shown that these two spatially distinct subpopulations of mitochondria are differentially affected with various pathological insults (11, 24, 26, 27, 32, 36, 42) . Specifically, we have demonstrated that the IFM display greater dysfunctional profiles with type 1 diabetic insult, as evidenced by enhanced oxidative stress, diminished electron transport chain (ETC) function, and decreased cardiolipin content (11) .
Proteomic evaluations have played an important role in furthering our understanding of mitochondrial dysfunction in the diabetic heart. Several proteomic studies have been undertaken in various diabetic models in an effort to clarify the nature of the proteomic changes associated with the diabetic heart (5, 15, 21, 38, 40) . Turko and Murad (40) identified 30 altered mitochondrial proteins in isolated mitochondria from streptozotocin (STZ)-induced type 1 diabetic rat hearts, which included enhanced fatty acid oxidation (FAO) proteins and reduction of oxidative phosphorylation (OXPHOS) protein subunits. Utilizing an iTRAQ labeling method, Jüllig et al. (21) identified 65 proteins significantly changing in the STZ-induced type 1 diabetic rat heart compared with control, with the most significant changes to FAO enzymes and OXPHOS proteins. In a recent study using label-free proteome expression analyses, Bugger et al. (5) examined mitochondrial proteomes of several tissues from the Akita mouse (kidney, liver, brain, and heart). Their results indicate that FAO proteins were less abundant in liver mitochondria, whereas FAO protein content was induced in mitochondria from all other tissues. In addition, levels of OXPHOS subunits were coordinately increased in liver mitochondria, whereas mitochondria from other tissues were unaffected (5) . Taken together, these data suggest that the cardiac mitochondrial proteome is impacted during type 1 diabetes mellitus, though a number of variables may contribute to conflicting results. To date, no one has examined proteomic differences in spatially distinct subpopulations of mitochondria in the type 1 diabetic heart, which may offer further insight into the nature of this dynamic process in the type 1 diabetic heart. Studies examining mechanisms underlying or contributing to the proteomic alterations in the diabetic heart are limited (16) . Potential mechanisms of proteomic dysregulation may include pathological alterations in gene expression, increases in posttranslational modifications (PTMs) of proteins, or upregulation of posttranslational regulators such as microRNAs (miRNAs). Alternatively, dysfunctional nuclear encoded mitochondrial protein import could also disturb the proteomic composition of the mitochondrion. Currently, there are ϳ1,200 known proteins in the human mitochondrion (37) and an estimated 1,500 proteins (6) . Of this number, only 13 proteins are transcribed and translated inside the organelle itself. As a result, the vast majority of proteins (ϳ99%) must be imported into the mitochondrion through a complex mechanism of translocation involving interaction between protein targeting signals and mitochondrial translocases (7) . To date, no study has examined the impact of type 1 diabetes mellitus on spatially distinct mitochondrial proteomes in the diabetic heart or offered insight into the mechanisms influencing specific proteomic profiles. The goal of this study was to determine whether proteomic differences exist in subpopulations of mitochondria, as well as to evaluate the role of nuclear encoded mitochondrial protein import in the type 1 diabetic heart.
MATERIALS AND METHODS

Experimental Animals and Diabetes Induction
The animal experiments in this study conformed to National Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals and were approved by the West Virginia University Animal Care and Use Committee. Male FVB mice (Charles River Laboratories, Wilmington, MA) were housed in the West Virginia University Health Sciences Center animal facility. Mice were given unlimited access to a rodent diet and water. Type 1 diabetes mellitus was induced in 8-wk-old mice following the protocol of the Animal Models of Diabetic Complications Consortium using multiple low-dose STZ (Sigma, St. Louis, MO) injections. Injections of 50 mg/kg body wt STZ dissolved in sodium citrate buffer (pH 4.5) were performed daily for five consecutive days after 6 h of fasting. Mice that served as vehicle controls were given the same volume per body weight of sodium citrate buffer. One week postinjection, hyperglycemia was confirmed by measuring urinary glucose levels (Chemstrip 2GP Urine test strips; Roche Diagnostics, Indianapolis, IN). Five weeks after hyperglycemia onset, animals were killed for further experimentation. To characterize the diabetic phenotype, fasting blood glucose (Bayer, Mishawaka, IN) and plasma insulin (ALPCO, Salem, NH) levels were determined using commercially available kits.
Preparation of Individual Mitochondrial Subpopulations
At 5 wk posthyperglycemia onset, FVB mice and their littermate controls were killed, and the hearts were excised. Hearts were rinsed in PBS (pH 7.4), then blotted dry. SSM and IFM were isolated as previously described following the methods of Palmer et al. (31) with minor modifications (11, 12, 42) . Protein concentrations were determined using the Bradford method with BSA as a standard (3).
iTRAQ Labeling
Pooled SSM and IFM subpopulations (n ϭ 4) from diabetic and control hearts were lysed and precipitated overnight in acetone at Ϫ20°C, and pellets were resuspended in 20 l of 0.5 M triethylammonium bicarbonate (TEAB; pH 8.5), as previously described (10) . Protein contents were determined using a two-dimensional Quant Kit (Amersham, Piscataway, NJ), and 100 g of each pooled sample was than denatured with 0.1% SDS and reduced with 5 mM tris-(2-carboxyethyl) phosphine. After incubation for 1 h at 60°C, cysteines were blocked with 10 mM methyl methane thiosulfonate (MMTS) in isopropanol, and the samples were incubated at room temperature for 10 min. The addition of 10 l of sequencing-grade trypsin (Applied Biosystems, Foster City, CA) was added in a trypsin/protein ratio of 1:20, and the samples were incubated at 37°C overnight. Digested samples were labeled with the iTRAQ reagents following the protocol provided by the vendor (Applied Biosystems).
After digestion and iTRAQ labeling, the ultra-complex protein digests were combined to create a 400-g pooled protein digest sample that contained equal fractions of each of the four labeled samples for subsequent multidimensional protein identification technology (MudPIT) analysis (28) . After lyophilization, the digest mixture was reconstituted in strong cation exchange (SCX) loading buffer (5 mM ammonium formate in 20% acetonitrile; pH 3.0) to be fractionated with SCX SpinTips (Protea Biosciences, Morgantown, WV) per the manufacturer's protocol. Briefly, the sample solution was loaded centrifugally onto the SCX SpinTip. The nonadsorbing solution that passed through the SCX SpinTip was collected. Eight different elution solutions were used to fractionate the peptides (20, 60, 100, 150, 200, 250 , 400, and 500 mM ammonium formate in 10% acetonitrile) in a step-wise manner, for a total of nine sample fractions. The collected fractions were cleaned by repeated lyophilization and reconstituted in a 0.1 M acetic acid solution, and then lyophilized to dryness. The fractions were then submitted for LC-MALDI TOF/ TOF mass spectral analysis for protein identification, characterization, and differential expression analysis.
MS Analyses with iTRAQ Labeling
The LC-MALDI mass spectrometry system utilized was an ABI Tempo LC MALDI spotter with Tempo LC MALDI ver. 2.00.09 data acquisition and processing software. Lyophilized SCX sample fractions were reconstituted in LC aqueous run buffer (0.1% trifluoroacetic acid, 2% acetonitrile) and injected onto a Zorbax C 18 chromatographic column, 150 ϫ 0.3 mm (Agilent Technologies, Wilmington, DE). The peptides were eluted from the column using an acetonitrile/ trifluoroacetic acid gradient (2-72% acetonitrile in 35 min) and spotted directly onto a MALDI plate in 6-s spot fractions. The MALDI spots were analyzed using an ABI 4800 MALDI TOF/TOF analyzer operated with 4000 Series Explorer software. The MS acquisition was in positive ion reflector mode with 400 laser shots per spectrum performed. The 15 strongest precursors per spot were chosen for MS/MS, and the MALDI spot was interrogated until at least 4 peaks in the MS/MS, spectra achieved a S/N Ն 70.
The resulting MS/MS spectra were analyzed using ABI Protein ProteinPilot software 2.0 (Applied Biosystems). The spectral data were searched against the mouse protein database (NCBI nr.fasta database customized to select for all mouse proteins) for identification of the peptides and corresponding proteins. In ProteinPilot, the sample type was selected as iTRAQ 4Plex for retrieval of the isotopic tag information from the mass spectra. After database correlation analysis, the proteins were grouped, scored, and normalized against one of four isotope correction factors. The Pro Group algorithm of ProteinPilot generated a protein score (ProtScore) that is a cumulative score from each of the peptides used by the algorithm in the protein identification. ProtScores above 2.0, 1.0, and 0.47 expressed the percent confidence levels of Ͼ99, Ͼ90, and Ͼ66%, respectively. Each peptide match showed the iTRAQ isotopic labels, MMTSlabeled cysteines, and other PTMs present as mass spectral shifts identified during the database correlation analysis. Each protein identified also showed the differential protein expression compared against the other iTRAQ-labeled samples for relative quantitation.
Two-Dimensional-Differential In-Gel Electrophoresis
Sample preparation. One-hundred micrograms of isolated mitochondrial subpopulations from control and diabetic hearts were placed in lysis buffer (7 M urea, 2 M thiourea, 30 mM Tris, 5 mM magnesium acetate, 4% CHAPS, and 58 mM DTT). Protein concentration of the samples was determined using a two-dimensional (2D) quant kit (Amersham Biosciences, Piscataway, NJ).
2D-Differential In-Gel Electrophoresis and Differential-Display Proteome Analyses
One-third of each lysed sample was removed and combined into a separate tube to serve as an internal standard. Fifty micrograms of the remaining samples were labeled separately with 400 pmol of Cy3 or Cy5 NHS-ester minimal labeling reagents for 30 min on ice and in the dark. The samples were then quenched with 2 l of 10 mM lysine for 10 min on ice in the dark. Fifty micrograms of the combined sample was also labeled with 400 pmol of Cy2 and than quenched with 10 l of 10 mM lysine. Individual Cy3-and Cy5-labeled samples were combined with the same amount of the Cy2-labeled internal standard. Each gel contained one control and one diabetic sample from individual mitochondrial subpopulations, and the Cy3 and Cy5 dyes were alternated to account for dye-labeling variability. The samples were separated by standard 2D gel electrophoresis utilizing a manifoldequipped IPGphor first-dimension isoelectric focusing unit and 24 cm 3-10 immobilized pH gradient strips. The initial separation was followed by a second-dimension 12% SDS-PAGE homogenous on hand-cast gels. The Cy2 (mixed standard), Cy3, and Cy5 components of each gel were visualized separately at 100-m resolution with mutually exclusive excitation/emission wavelengths using a Typhoon 9400 Variable Mode Fluorescence Imager (GE Healthcare, Piscataway, NJ). A Sypro Ruby protein poststain (Invitrogen, Carlsbad, CA) was used to extract protein from the gels. Gel images were submitted to Ludesi 2D Analysis (Ludesi, Malmo, Sweden; http://www.ludesi. com) for spot detection, matching, and analysis. Control:standard and diabetic:standard normalized volume ratios were calculated for each protein on every gel, and the internal standards were used to normalize and compare these ratios across the 10 2D-DIGE gels. This method allowed for the calculation of average abundance changes and Student's t-test P values for the variance of these ratios for each protein-pair across all 10 individual gels.
Mass Spectrometry and Database Analysis
Proteins that were changing were excised and digested in gel with trypsin protease and the resulting peptides analyzed using a Micromass MALDI micro MX TOF spectrometer (Waters, Milford, MA). The resulting peptide mass maps were compared with sequences present in the SWISS-PROT and NCBInr databases to generate statistically significant identifications of proteins using GPS Explorer software (Applied Biosystems) running the MASCOT search algorithm. Searches were performed without constraining protein molecular weight or isoelectric point, with complete carbamidomethylation of cysteine, partial oxidation of methionine residues, and one missed cleavage, also allowed in the search parameters. Molecular weight search scores from database interrogation above 58 (P Ͻ 0.05), number of matched ions, number of matching sequence coverage, and correlation of gel region with predicted MW and pI were considered for each protein identification.
Protein Import
Plasmid construction. The fusion protein construct pAcGFP1-Mito (Clontech Laboratories, Mountain View, CA) containing the precursor subunit VIII of human cytochrome-c oxidase and the green fluorescent protein from Aequorea coerulescens (AcGFP1) was cloned into pIVEX2.3d (Roche Applied Science, Indianapolis, IN) at restriction sites Not I and blunted Nco I/Nhe I creating pMITOGFP1 (Supplemental Fig. S1 ). The correct sequence was confirmed by dideoxynucleotide sequencing. pMITOGFP1 was grown and isolated using mini-prep plasmid DNA isolation to a concentration of 500 ng/l (Qiagen, Valencia, CA).
In Vitro Synthesis of Mitochondrial Protein
In vitro transcription and translation of MitoGFP1 was performed using the S30 T7 protein expression system (Promega, Madison, WI), as per the manufacturer's protocol. Additionally, fluorescent labeling of MitoGFP1 was performed using the FluoroTect Green Lys tRNA in vitro labeling system (Promega, Madison, WI), as per the manufacturer's protocol. MitoGFP1 and fluorescent MitoGFP1 lysates were subsequently used as substrates for the in vitro protein import process.
Mitochondrial Protein Import
The mitochondrial protein import procedure was performed following the protocol from Stojanovski et al. (39) with modifications. Briefly, 40 g of mitochondria was resuspended in 100 l of import buffer (250 mM sucrose, 80 mM KCl, 5 mM MgCl 2, 2 mM KH2PO4, 10 mM MOP-KOH, at pH 7.2) with addition of 2 mM ATP and 10 mM Na-succinate. Lysate (1-5 l) containing MitoGFP1 protein was added, and protein import was performed at increasing time intervals of 2, 5, and 10 min at 25°C. Valinomycin (2 M) was added to stop the import reaction, and samples were centrifuged at 12,000 g for 5 min at 4°C. The supernatant was discarded, and the pellet was resuspended in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOP-KOH, at pH 7.2) containing trypsin, on ice. Trypsin was subsequently inhibited by protease inhibitor cocktail (BioVision, Mountain View, CA). Samples were centrifuged again at 12,000 g for 5 min at 4°C. Pellets were then resuspended in lysis buffer (BioVision), subjected to SDS-PAGE, and subsequent Western blot analyses performed. Quantification of blots was performed using Pierce ECL Western blotting substrate (Pierce Biotech, Rockford, IL). The primary antibody was an anti-GFP monoclonal antibody raised in a mouse host (Clontech Laboratories, Mountain View, CA). The secondary antibody was an anti-mouse IgG horseradish peroxidase conjugate (Sigma, St. Louis, MO). Quantification of chemiluminescent signals were detected using a G:BOX (Syngene, Frederick, MD), and data were expressed as arbitrary optical density units. Additionally, visualization of imported fluorescent MitoGFP1 was performed using a Typhoon 9400 Variable Mode Fluorescence Imager (GE Healthcare, Piscataway, NJ) with a 532-nm excitation. Control for protein loading was confirmed using Ponceau staining.
Western Blot Analyses
SDS-PAGE was run on 4 -12% gradient gels, as previously described (25, 42) with equal amounts of protein loaded for each study treatment. Relative amounts of subpopulation-specific mitochondrial heat shock protein 70 (mtHsp70), translocases of the outer membrane 40 and 20 (Tom40 and Tom20), translocases of the inner membrane 23 and 44 (Tim23 and Tim44), were analyzed using the following primary antibodies; anti-mtHsp70 mouse antibody (product no. SPA-825; Stressgen, Ann Arbor, MI), anti-Tom40 goat antibody (product no. sc-11025; Santa Cruz Biotechnology, Santa Cruz, CA), antiTom20 mouse antibody (product no. 612278; BD Biosciences, San Jose, CA), anti-Tim23 mouse antibody (product no. 611222; BD Biosciences), and anti-Tim44 mouse antibody (product no. 612582; BD Biosciences). The secondary antibodies used in the analyses were donkey anti-goat IgG HRP conjugate (product no. sc-2020; Santa Cruz Biotechnology) for Tom40, and goat-anti mouse conjugate (product no. 31430; Pierce Biotechnology, Rockford, IL) for mtHsp70, Tom20, Tim23, and Tim44. Detection of signal was performed according to the manufacturer's instructions as above. Quantification of chemiluminescent signals and data analysis were performed as above. Control for protein loading was confirmed using Ponceau staining.
mRNA Analyses
Thirty milligrams of tissue was excised from control and diabetic hearts for mRNA extraction using an RNeasy mini kit, per manufac-turer's protocol (Qiagen, Valencia, CA) and reverse transcribed. Equal amounts of cDNA from the hearts of control and diabetic mice were subjected to real-time PCR. Custom primers were designed for target genes adenine nucleotide translocator 1 (ANT1), ATP synthase subunit alpha (ATP5A1), and ATP synthase subunit beta (ATP5B). SYBR Green I was used for quantification of respective cDNA replicates (Qiagen). Data were normalized by gene expression relative to the levels of GAPDH.
Mitochondrial Membrane Potential
Mitochondrial membrane potential (⌬⌿m) was measured by flow cytometry using the ratiometric dye 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetraethylbenzimidazol carbocyanine iodide (JC-1) (Molecular Probes, Carlsbad, CA), which is a lipophilic cation that enters selectively into mitochondria, as previously described (42) . Values are expressed as the mean orange fluorescence divided by the mean green fluorescence of 100,000 mitochondrial events per individual mitochondrial sample.
Statistics
Means Ϯ SE were calculated for all data sets. Data were analyzed with a one-way ANOVA method to evaluate the main treatment effect, diabetes induction (GraphPad Software, La Jolla, CA). Fisher's least significant difference (LSD) post hoc tests were performed to determine the significant differences among means. When appropriate a Student's t-test was employed. P Ͻ 0.05 was considered significant.
RESULTS
Diabetes Mellitus Phenotype
The diabetes mellitus phenotype was characterized 5 wk after STZ treatment by assessing fasting blood glucose and plasma insulin levels. Blood glucose levels were significantly elevated in diabetic mice compared with control (Control: 140 Ϯ 5 mg/dl vs. Diabetic: 548 Ϯ 22 mg/dl; P Ͻ 0.05). Further, plasma insulin levels were significantly reduced in diabetic mice compared with control (Control: 1.92 Ϯ 0.17 ng/ml vs. Diabetic: 0.47 Ϯ 0.06 ng/ml).
Proteomic Analyses
To determine whether type 1 diabetes mellitus differentially impacts spatially distinct mitochondrial subpopulation proteomes, we utilized both iTRAQ and 2D-DIGE approaches. iTRAQ enables simultaneous identification and relative quantification of mitochondrial proteins through isobaric peptide tagging, while 2D-DIGE analysis is a quantitative technique that enables multiple protein samples to be separated on the same 2D gel, thereby greatly reducing the introduction of potential artifacts due to gel-to-gel variations. Figure 1 is an example of an MS/MS fragment ion (spectra) for a peptide that was used to identify a protein, mtHsp70. Located below the spectra is an example of an iTRAQ tag mass spectral signature (m/z 114, 115, 116, and 117) used to make a relative quantification of mtHsp70 within the four labeled sample groups (see (Fig. 2, A-D) . MtHsp70 peak density was significantly decreased (P Ͻ 0.02) in the diabetic IFM compared with control IFM, with no changes in diabetic SSM compared with control SSM. For all proteomic evaluations, only those proteins that showed statistically significant changes as a result of diabetes mellitus were reported in the tables.
Proteins of FAO. FAO proteins were significantly altered in both diabetic SSM and diabetic IFM compared with control using both iTRAQ and 2D-DIGE methods. In contrast to our previous study in a type 2 diabetes mellitus model (10) , iTRAQ analysis revealed 8 of 10 proteins involved in FAO, which were decreased in the diabetic IFM, while 4 of 10 were decreased in the diabetic SSM (Table 1) . Interestingly, carnitine palmitoyltransferase-1 (CPT-1), an outer mitochondrial membrane protein that mediates transport of long-chain fatty acids across the membrane, was significantly increased in the diabetic SSM, while diminished in the diabetic IFM (Table 1) . Further, 2D-DIGE analysis identified six FAO proteins that were also significantly decreased in the diabetic IFM, while two of six were decreased in the diabetic SSM (Table 2) . Taken together, both proteomic analyses suggest that FAO proteins are impaired in both diabetic SSM and IFM, with the effect being greatest in the IFM.
Proteins of the mitochondrial respiratory chain. Utilizing both iTRAQ and 2D-DIGE, a number of proteins of the mitochondrial respiratory chain were significantly altered in both diabetic SSM and diabetic IFM compared with control. With iTRAQ, 10 of 14 respiratory chain proteins identified were significantly decreased in the diabetic IFM compared with control, while no respiratory chain proteins identified were decreased in expression in the diabetic SSM compared with control (Table 1) . Interestingly, 5 of 14 respiratory chain proteins identified were increased in the SSM compared with control. In the diabetic IFM, all four proteins identified from complex V (ATP synthase) were decreased, while two of six proteins from complex I, and one of four from complex IV, were decreased (Table 1 ). In the diabetic SSM, one protein each from complexes I, III, IV, and V, respectively, were significantly increased compared with control SSM (Table 1) . Similar to the iTRAQ analysis, 2D-DIGE analysis revealed 16 proteins of the respiratory chain decreased in the diabetic IFM, with three proteins increased in the diabetic SSM (Tables 1  and 2 ). Proteins that were decreased in the diabetic IFM were from all respiratory complexes, including complexes I, II, III, IV, and V, with the greatest number of decreased proteins occurring at complex I. Similar to the iTRAQ analysis, several respiratory proteins were increased in the diabetic SSM, suggesting a possible compensatory mechanism to prevent dysfunction.
Proteins of the citric acid cycle (TCA). iTRAQ and 2D-DIGE analyses of proteins involved in the TCA revealed significant changes in both the diabetic SSM and IFM compared with control. In the diabetic IFM, two of five TCA proteins were decreased, while three of five proteins were increased in the diabetic SSM (Table 1) . Of particular interest was the observation that isocitrate dehydrogenase 2 (NADPϩ) displayed increased content in the diabetic SSM yet decreased content in the diabetic IFM (Table 1) . Similar to the iTRAQ analysis, 2D-DIGE analysis reported that six TCA proteins decreased in the diabetic IFM, and three proteins increased in the diabetic SSM (Table 2) . These data suggest again that TCA proteins and other proteins necessary for energy production are increased in the diabetic SSM, yet decreased in the diabetic IFM.
Transport proteins. Proteins involved in transport of proteins and or substrates across the inner mitochondrial membrane (IMM) were preferentially decreased in the diabetic IFM compared with control IFM, as evidenced by a decreased content in three of four proteins, with no changes in the SSM (Table 1) . Mitochondrial phosphate carrier, a protein that is involved in transport of phosphate groups from the cytosol to the mitochondrial matrix, was significantly decreased in diabetic IFM compared with control (Table 1) . Another translocase required for exchange of ADP and ATP across the IMM, adenine nucleotide translocator 1 (ANT1), was also significantly decreased in the diabetic IFM compared with control (Table 1) . Interestingly, mtHsp70 (also known as glucoseregulated protein 75; Grp75), a heat shock protein and a constituent of the mitochondrial import process essential for import of proteins into mitochondria, was also significantly decreased only in diabetic IFM compared with control (Tables  1 and 2 ). Western blot analyses of mtHsp70 (Fig. 5C ), provided confirmation of both the iTRAQ and 2D-DIGE results observed. Another heat shock protein involved in folding and protein import into the mitochondrion, Hsp60, was also significantly decreased only in the diabetic IFM, as revealed by 2D-DIGE analysis (Table 2) .
Structural proteins. With both iTRAQ and 2D-DIGE analyses, alterations to proteins involved in mitochondrial structure were apparent in only the diabetic IFM compared with control with no changes in diabetic SSM. In particular, mitofilin, a transmembrane IMM protein that regulates mitochondrial cristae morphology (cristae density) (19) , was significantly decreased only in diabetic IFM as indicated by both iTRAQ and 2D-DIGE analysis (Tables 1 and 2 ). Further, prohibitin-2, a protein involved in mitochondrial chaperone functions, which may impact mitochondrial morphology, as well as maintenance of mitochondrial DNA (1), was significantly decreased in the , and 117 (control IFM); then, they were combined for analysis with mass spectrometry. A: representative spectra of simultaneous quantitation of a mtHsp70 peptide in control and diabetic mitochondrial subpopulations. B: MS/MS spectra for the reporter groups of the iTRAQ reagents (114, 115, 116, and 117) from a mtHsp70 peptide. These spectra were used along with other peptides to simultaneously quantify mtHsp70 control and diabetic mitochondrial subpopulations.
diabetic IFM with 2D-DIGE analysis (Table 2 ). These data are consistent with our previously published data, suggesting that mitochondrial internal complexity is decreased in the diabetic IFM (11) .
For a general comparison highlighting the similarities and differences in proteomic responses between type 1 and type 2 diabetes mellitus, see Supplemental Table 2S .
Posttranslational Modifications
Utilizing MudPIT technology to assess posttranslational modifications (PTM), we identified 43 proteins as having a PTM in the diabetic IFM, while 22 proteins were identified in the diabetic SSM (Table 3) . Interestingly, 11 of the 43 proteins in the diabetic IFM contained oxidations on various amino acid residues. In particular, three proteins of complex III, two proteins of complex V, and one protein of complex I were oxidized in the diabetic IFM. Further, mtHsp70 and mitofilin were only oxidized in the diabetic IFM. Additionally, 13 proteins in the diabetic IFM and 8 proteins in the diabetic SSM involved in the ETC presented with some sort of PTM, including acetylations, deamidations, and methylations. Of greatest interest was that the majority of the modified proteins were IMM proteins, suggesting that this locus may be specifically impacted and, as a result, play a key role in the pathogenesis of cardiac dysfunction associated with type 1 diabetes mellitus.
Mitochondrial Protein Import Construct
The MITOGFP1 cDNA was inserted as a Not I, Nhe I blunt fragment into the PIVEX2.3d plasmid (Supplemental Fig. S1 ). PIVEX2.3d has all necessary components for efficient protein production in a cell-free protein expression lysate system, including a T7 promoter, ribosomal binding site, and poly A tail. The MITOGFP1 gene consists of an N-terminal mitochondrial targeting sequence derived from cytochrome-c oxidase subunit VIII (targeted to the matrix) fused with AcGFP. Translated MitoGFP1 protein was incubated with isolated mitochondria to allow for proper import. Mitochondria were subsequently cleaned of nonimported protein and lysed; a Western blot analysis was performed probing for AcGFP. Isolated cardiac mitochondria alone do not produce a signal on the blot (Fig. 3, lane 1) , whereas pure protein lysate from the expres- sion system produces the full-length 31-kDa band containing the N-terminal presequence (Fig. 3, lane 2) . The addition of total mitochondria and lysate together produces a similar 31-kDa band, which is the precursor protein in transit through the mitochondrial outer and inner membrane yet to be completely imported into the mitochondrial matrix. Additionally, there is a 27-kDa band representing the mature MitoGFP1 protein, in which the precursor sequence has been cleaved and properly imported into the mitochondrial matrix (Fig. 3, lane 3) . Presequence cleavage of our target protein by mitochondrial processing peptidase will not occur until the protein is pulled into the matrix. Therefore, the smaller mature sequence was quantified for import analysis.
Mitochondrial Protein Import
Western blot analyses in Fig. 4 , A and C show increasing amounts of protein abundance at 2, 5, and 10 min, respectively, of the mature 27-kDa MitoGFP1 in the control SSM and diabetic SSM subpopulations, with no statistical difference between the samples. Conversely, a significant decrease in the amount of MitoGFP1 imported into the diabetic IFM compared with control IFM is shown at all three time points (Fig. 4 , B and D; P Ͻ 0.05 for all three). Additionally, fluorescent labeling and subsequent import of MitoGFP1 was performed to confirm our Western blot findings (Figs. 4, A and B) . The 31-kDa band is also decreased in the diabetic IFM compared with control iTRAQ analysis of proteins identified as significantly changing; they are categorized into groups consisting of fatty acid oxidation (FAO), mitochondrial respiratory chain, citric acid cycle (TCA), transport proteins, structural and miscellaneous proteins in isolated subsarcolemmal mitochondria (SSM) and interfibrillar mitochondria (IFM) from control and diabetic hearts. All values presented indicate a significant difference of at least P Ͻ 0.05 for control vs. diabetic groups, while NS represents no significant differences between any groups; n ϭ 4 for each group. denoting lesser amounts of precursor proteins in transit to the matrix.
Protein Import Machinery
Several outer and inner mitochondrial membrane translocases essential for proper mitochondrial protein import were also analyzed by Western blot analysis. There were no significant differences observed in the protein expression of Tom20, Tom40, Tim23, or Tim44 in either the diabetic SSM or diabetic IFM compared with control (Fig. 5A) . It should be noted that Tim44 protein content showed a trend for decrease in the diabetic IFM, but the difference was not significant (P ϭ 0.07).
In contrast, the essential mitochondrial protein import motor, mtHsp70, was significantly decreased in only the diabetic IFM subpopulation compared with control (Fig. 5C) , with no change in the diabetic SSM compared with control (Fig. 5B) . These results indicate that of the several mitochondrial protein import constituents examined, only mtHsp70 is significantly decreased in abundance during type 1 diabetic insult, and this phenomenon is specific to the IFM subpopulation.
mRNA Analyses
Expression of ANT1, ATP5B, and ATP5A1, transcripts was evaluated to determine whether proteomic alterations 2D-DIGE analysis of proteins identified and significantly changing, categorized into groups consisting of fatty acid oxidation (FAO), mitochondrial respiratory chain, citric acid cycle (TCA), amino acid metabolism, oxidative stress related, transport proteins, and structural proteins in isolated SSM and IFM from control and diabetic hearts. All values presented indicate a significant difference of at least P Ͻ 0.05 for control vs. diabetic groups, while NS represents no significant differences between any groups. n ϭ 4 for each group. (Tables 1 and 2) were preceded by transcriptional dysregulation in the diabetic heart. Our results revealed no significant decreases in the gene expression of these three specific proteins (ANT1, ATP5A1, and ATP5B) in diabetic vs.
control hearts (Table 4) . These results suggest that diabetesinduced proteomic decreases to these IFM proteins were not a consequence of decreased mRNA presence.
Mitochondrial Membrane Potential
Mitochondrial membrane potential (⌬⌿m) is essential for protein translocation across the IMM. Therefore, ⌬⌿m was analyzed in freshly isolated mitochondrial subpopulations by flow cytometry using JC-1. No significant differences in ⌬⌿m were observed in SSM control vs. diabetic (Fig. 6A) . However, there was a 19% reduction in diabetic IFM ⌬⌿m compared with control (Fig. 6B) . Additionally, baseline ⌬⌿m was higher in IFM compared with SSM, which is in agreement with previous reports (42) . These data suggest that IFM ⌬⌿m is decreased relative to control during diabetic insult, whereas SSM ⌬⌿m remains unaffected.
DISCUSSION
A significant amount of data supports the notion that mitochondrial dysfunction plays a critical role in the pathogenesis 
Multidimensional protein identification technology (MudPIT) was used to identify posttranslational modifications (PTM) of proteins from SSM and IFM from control and diabetic mitochondria. Peptides presented represent only those peptides that have PTMs in the diabetic SSM or diabetic IFM and not present in the control group. of diabetic cardiomyopathy. Despite the growing evidence for mitochondrial abnormalities underlying diabetic cardiomyopathy, the mechanisms involved in this dysfunction are not entirely clear. Evidence suggests that mitochondrial dysfunction varies depending on subcellular location, with those mitochondria located between the myofibrils being affected to a greater extent in the type 1 diabetic heart (11, 42) . Data also suggest that dysfunction manifests via disturbance to the IMM as evidenced by diminished ETC complex activities, an enhanced oxidative environment, and depletion of cardiolipin, an essential phospholipid required for proper mitochondrial function (11, 33) . The goal of this study was to build upon our previous findings and determine whether mitochondrial subpopulation-specific proteomes are altered with type 1 diabetes mellitus in the heart. In an effort to elucidate the mechanism, we examined whether mitochondrial import of nuclear-encoded proteins is decreased resulting in mitochondrial proteome dysregulation.
Proteomic analyses have played an integral role in furthering our understanding of mitochondrial dysfunction in the diabetic heart. Several proteomic studies, in a variety of diabetic models, have been employed to assess proteomic changes associated with the diabetic heart (5, 10, 15, 21, 38, 40) . However, to date, no examination of subpopulation-specific proteomic make-up has been performed in a type 1 diabetic model. Proteomic profile comparisons of mitochondrial subpopulations from diabetic and control mouse hearts revealed that the majority of proteins changing were in the IFM and that almost all of these changes were decreases in protein abundances. Utilizing iTRAQ and 2D-DIGE methodologies afforded a number of advantages over the use of a single proteomic methodology, including the ability to confirm experimental results and accuracy by essentially comparing results from each method. By using MudPIT analysis combined with iTRAQ labeling, the limitations associated with 2D-DIGE, such as solubility and separation, were bypassed. Further, the iTRAQ approach enabled comparison of total protein levels, which can be more difficult using 2D-DIGE separation, where PTMs such as phosphorylation can alter pIs and hence gel migration (21) . Utilizing 2D-DIGE allowed us to examine proteins that may be in less abundance and, as a result, less likely to show up with iTRAQ analyses. Because each method has its own unique set of advantages, the combined use of both techniques enhanced our level of confidence in the reported findings.
Most of the proteins identified as changing with both 2D-DIGE and iTRAQ approaches in the diabetic IFM were FAO and ETC proteins. In contrast to previous studies (21, 40) , proteins involved in FAO (transport and/or utilization of fatty acids) were decreased in abundance in the diabetic IFM to a greater extent than in diabetic SSM. It is not entirely clear why the disparity in findings was observed. One could speculate that differences in animal models employed (mouse vs. rat), timing of examinations, STZ protocols utilized (single dose vs. multiple dose), mitochondria examined (total vs. subpopulations), or a combination of these variations in study designs may have contributed to the dissimilarity in findings. It is important to point out that though distinct sets of FAO proteins were identified with each proteomic platform (iTRAQ and 2D-DIGE), the results observed seemed to point in the same direction. Nevertheless, the findings are interesting and warrant further investigation. In addition, though only a few fatty acid utilization enzymes were decreased in diabetic SSM, CPT-1, a transporter of fatty acids into the mitochondrion, was upregulated, which is consistent with other proteomic studies utilizing an STZ-induced diabetic model (21) . One could hypothesize that the diminished ability to utilize fatty acids within the diabetic IFM may have hampered its ability to produce ATP which, in turn, contributed to an overall decrease in cardiac contractile function as reported previously (11, 41) . Additionally, ETC complexes and translocases within the IMM act as key contributors to overall oxidative phosphorylation and energy production within the mitochondrion. In total, we identified 9 ETC proteins from iTRAQ analyses and 16 ETC proteins from 2D-DIGE analyses as being decreased in the diabetic IFM. We did not observe changes to any mitochondrial ge- nome-encoded proteins in the current study. It is unclear whether such a finding was the result of the proteomic methods employed or a reflection of the biological impact of diabetes mellitus on these specific proteins. Future examination focusing on this topic is warranted. Jüllig et al. (21) reported decreases in ETC constituents that are involved in oxidative phosphorylation in total mitochondria, which is somewhat different from our current study that examined mitochondrial subpopulations. Further, translocases located within the IMM that are essential for energy production through synthesis (mitochondrial phosphate carrier) and transport of ATP (ANT1) were also significantly decreased only in the diabetic IFM. Interestingly, Jüllig et al. (21) did not report changes in ANT1 or the mitochondrial phosphate carrier, which may have resulted from their analyses being performed on total mitochondria as opposed to our study, which examined subpopulations of mitochondria. Our proteomic data are consistent with previous reports of decreased respiratory capacity in the dia- betic heart, as well as functional data indicating downregulation of ETC activities, specifically in the IFM (11, 24, 38) . Downregulation of multiple components of the oxidative phosphorylation machinery and FAO proteins suggests that mitochondria in the type 1 diabetic mouse heart, specifically IFM, may be less efficient in producing ATP required for contraction and calcium homeostasis.
Mitochondrial morphological abnormalities have been reported with both type 1 and type 2 diabetes mellitus (4, 23, 38) . Previous reports suggest that IFM morphology is specifically impacted by diabetes mellitus (11, 23) . We reported previously that IFM were smaller and less complex in the type 1 diabetic heart with no changes in the SSM (11) . Both 2D-DIGE and iTRAQ analyses identified mitofilin, a protein critical for proper cristae morphology (19) , as being decreased only in the diabetic IFM. It is conceivable that diminished mitofilin, along with our previous reports of depleted cardiolipin, may have been a contributing factor to the altered IFM morphology reported previously (11) .
To date, no attempts have been made to define the mechanisms accounting for mitochondrial proteomic dysregulation in the diabetic heart. Many potential mechanisms of proteomic dysregulation exist, including alterations in gene expression, enhanced PTMs, or upregulation of regulators, such as miRNAs (22, 30) . To start to dissect some of these potential mechanisms, we examined a small subset of mRNAs encoding for nuclear encoded mitochondrial proteins whose contents were decreased in diabetic IFM. Our results indicate that despite significant decreases in the IFM protein contents for these proteins (ANT1, ATP5A1, and ATP5B), no significant decreases in mRNAs encoding for these proteins were observed. Though the subset is small, our results suggest that decreased mRNA abundance does not necessarily account for the decreased IFM protein contents observed and suggest that other mechanisms may be involved, such as protein import deficiencies and/or enhanced PTMs. In the present study, PTMs identified included oxidations, deamidations, deacetylations, and methylations, with oxidations and deamidations being the most prevalent. Interestingly, the diabetic IFM displayed the greatest number of oxidatively modified proteins. These findings complement previous studies, suggesting that enhanced mitochondrial reactive oxygen species formation during type 1 diabetic insult may precipitate oxidative damage to mitochondrial constituents (2, 11, 38) . Also in agreement are the results from our previous study reporting increased superoxide formation in the type 1 diabetic IFM and the associated enhancement of protein oxidation (nitrotyrosine) within the mitochondrion (11) . Another PTM that was prevalent in the diabetic IFM was deamidation. It has been suggested that deamidation of asparaginyl and glutaminyl residues within proteins causes structural and biological alterations to peptide and protein structure (34) . Although the contribution of deamidation and oxidation to protein dysfunction is somewhat unclear, these PTMs may alter protein structure/function, making the protein more susceptible for degradation by the proteasome system (17, 34) . In addition, several proteins that were decreased in the diabetic IFM also contained oxidations and deamidations within their structure. Interestingly, mtHsp70, mitofilin, and several components of complex V were decreased in abundance with both proteomic technologies and contained oxidations and deamidations within their structures. It is plausible that these modifications may have contributed to altered functionality and subsequent proteasomal degradation, all of which may have contributed to the morphological and oxidative phosphorylation deficiencies present in the type 1 diabetic heart.
Given that the majority of mitochondrial proteins are nuclear encoded and must be imported into the mitochondrion, it is possible that defects in this complicated process may underlie proteomic dysregulation in the diabetic heart. Nuclear encoded mitochondrial proteins constitute 99% of the organelle's proteome (7). These proteins are translated outside the mitochondrion and must be imported into the mitochondrion via an intricate mechanism involving coordination between the outer and inner mitochondrial membranes (8) . The two membranes come together to form a "supercomplex," which creates a singular avenue for translocation of the imported protein into the IMM and matrix (8) . Given the considerable importance of this process, protein import decrements resulting from pathological conditions could represent a mechanism for mitochondrial dysfunction in the diabetic heart. Hence, a major goal of this study was to gain insight into whether diabetes mellitus causes protein import deficiencies in the mitochondrion and determine whether this phenomenon manifests differently in mitochondrial subpopulations. Utilizing a mitochondrial protein import methodology that eliminated the use of protein radiolabeling, we observed dysfunction of the IFM protein import process without effect to the SSM. Previous literature examining mitochondrial protein import in the skeletal muscle of aging mice revealed enhanced cytoplasmic protein degradation, as opposed to protein import decrements as the contributing source of the mitochondrial dysfunction (16) . It is unclear why the differences were observed, but they may be due, in part, to the different pathologies and tissue types examined. In addition, movement of preproteins into the IMM is aided by ⌬⌿m. Our results indicate that a 5-wk diabetic insult caused a modest decrease (19%) in IFM ⌬⌿m, suggesting that mitochondrial protein import deficiencies in diabetic IFM could be at least partially due to mitochondrial ⌬⌿m deficiencies. However, previous studies examining aged skeletal muscle have indicated that as much as a 50% decrease in ⌬⌿m had no impact on mitochondrial protein import mechanics (16) . Therefore, it's possible that the reduced ⌬⌿m, as reported in our study, may still be sufficient to allow for proper mitochondrial protein import.
Mitochondrial protein import dysfunction has been attributed in part to cardiolipin loss (20) . Cardiolipin is known to surround and stabilize protein import complexes, including Tim23, the major pore-forming unit essential for protein translocation. Studies examining a mutation of cardiolipin that leads to loss of the phospholipid, caused reduced ⌬⌿m and decreased mitochondrial protein import (18) . Another potential mechanism of mitochondrial import dysfunction is PTMs to proteins essential for protein translocation. As indicated above, we observed multiple modifications to mtHsp70 in the diabetic IFM subpopulation. MtHsp70 is a heat shock protein and the central subunit of the presequence translocase-associated motor complex that binds to a translocating polypeptide chain and drives its movement through the IMM into the matrix by a reaction cycle that requires hydrolysis of ATP (7) . Previous literature examining inactivation of yeast mtHsp70 revealed a near-complete inhibition of oxidase assembly 1 protein translocation through the IMM (14) . Additionally, cardiac mitochondria in senescent mice were shown to have elevated mtHsp70 protein content, as well as increased protein import of a mitochondrial matrix protein, malate dehydrogenase (9) . In our study, we show a marked decrease in mtHsp70 protein content coinciding with decreased protein import in the diabetic IFM subpopulation, suggesting that mtHsp70 protein content is associated with protein import capacity. Our examination of several other key translocases that play a major role in mitochondrial protein import, including translocase of the outer membrane Tom20, outer membrane pore Tom40, inner membrane pore Tim23, and docking subunit Tim44 indicated that none of these mitochondrial protein import constituents was significantly decreased in the diabetic heart. Although not significant, Tim44 protein content revealed a trend for decrease in the diabetic IFM. This result is of interest in that previous studies have suggested a protective role for Tim44 overexpression in multiple tissue types following diabetic insult (29, 43) . Additional experimentation regarding Tim44 and the diabetic heart are warranted.
Perspectives and Significance
With the dramatic increase in diabetes mellitus incidence, elucidation of the mechanisms contributing to the pathogenesis of diabetic cardiomyopathy is critical. An increasing amount of evidence suggests that mitochondrial dysfunction in the diabetic heart does not manifest in a homogeneous fashion. Rather, mitochondrial dysfunction occurs in a heterogeneous fashion with specific impact on mitochondria located in distinct subcellular locales and dependent upon the pathology (type 1 diabetes mellitus vs. type 2 diabetes mellitus). In the current study, we observed that type 1 diabetic insult differentially influenced spatially distinct cardiac mitochondrial proteomes, with the greatest impact occurring to those mitochondria located between the myofibrils (IFM). Further, changes in IFM proteomic make-up were associated with dysfunction to the nuclear-encoded mitochondrial protein import process, which may account, in part, for the more pronounced loss of proteins in this specific mitochondrial subpopulation. Finally, loss of key mitochondrial protein import constituents in the IFM may underlie protein import deficiencies during type 1 diabetic insult in the heart. The results support a paradigm in which changes in mitochondrial subpopulation-specific proteomic make-up underlie mitochondrial dysfunction, necessitating the study of the underpinnings of the complex and coordinated process of nuclear encoded mitochondrial protein import during diabetes mellitus. In addition, these findings continue to emphasize the importance of incorporating subcellular spatial locale into the study of diabetic mitochondria, which may be of particular relevance for the future development of diagnostics and therapeutic interventions.
